Extreme high-rate loading conditions in structural materials trigger a complex process of fragmentation involving probabilistic, energetic and mechanical aspects. In this work we discuss a one-dimensional model based on [1] that captures the physics of dynamic fracture and fragmentation in concrete at strain rates from 10 3 to 10 5 /s, with particular interest in the higher strain rate values. In particular, the model considers a one-dimensional bar under a uniform tensile initial strain rate, with a stochastically varying strength. Initial results for the relationship between average fragment size and strain rate show good agreement with shock tube experiments on concrete panels. However, the predicted distribution of fragment size exhibits a smaller variance than that observed in the experiments. Future work will evaluate this difference in the results, which could be the result of the one-dimensionality of the model, heterogeneity of strain rate in the shock tube tests, experimental measurement errors, or a combination of all of these. Further investigations to extend the present model to other brittle materials like glass and concrete are also currently under development.
Introduction
Understanding response of civilian structures to extreme environmental conditions is important for improved protection. Of importance, is understanding of the debris formation that results as a consequence of materials undergoing disintegration-also referred to as fragmentation. The highrate of loading (e.g. due to the blast wave front) can trigger fragmentation of materials with pieces much smaller than the size of a structural unit (e.g. panel, masonry block, slab) resulting in formation of debris. From a mechanics perspective, the first step is to gain understanding of the statistics of size and mass of fragments at the material level. Materials-level analysis can then inform the overall approach of debris formation from various type of civilian constructs for which corresponding author Email addresses: david.cereceda@jhu.edu (David Cereceda), tpavari1@jhu.edu (Thomas Pavarini), nitin@jhu.edu (Nitin Daphalapurkar), bbewick@protection-consultants.com (Bryan Bewick), lori@jhu.edu (Lori Graham-Brady) the widely used material is concrete. This multiscale modeling approach, i.e. treating materialslevel and structures-level analysis separately, is a critical piece in the prediction of debris statistics from structures made of concrete.
Modeling dynamic brittle fragmentation at high strain rates is a complex process that involves probabilistic [2, 3] , energetic [4, 5] and mechanical aspects [1, 6] . Three different stages can be identified during this process: crack nucleation, crack propagation and crack coalescence. As it was first pointed out by Weibull [7] , the largest defect plays a critical role in governing the onset of failure. At high strain rates, all the defects contribute to failure [8, 9] . These defects are inherent to the material, as a consequence of materials composition and processing conditions, among other things. Spatial distribution of defects contribute to the heterogeneity in material properties (e.g. strength) from point-to-point within the material domain. Then the heterogeneity of the material needs to be included in the model to capture crack nucleation [10] . Moreover, as a crack opens, it releases stress waves that propagate from the cracking point and protect neighboring areas from nucleating new cracks [11] . This mechanism of wave propagation was suggested by Mott [12] and it also needs to be incorporated in the model to characterize the second stage of the process.
The formulation of one-dimensional (1D) models that include these probabilistic, energetic and mechanical effects present some limitations to capture the geometric effects of crack propagation and subsequent fragment shapes. Two-and three-dimensional models can provide more accurate information but their physical and technical complexity are constraints that need to be evaluated as well. In this context, the development of one-, two-and three-dimensional results, based on the calibration between the 1D model and the experiments can be considered a valid approach.
The paper is organized as follows. First we briefly describe the experimental setup and analysis. We then provide detailed information about the simulation setup, a 1D model based on [1] that captures the physics of dynamic fracture and fragmentation in concrete at strain rates from 10 3 to 10 5 /s. In particular, the model considers a 1D bar under a uniform tensile initial strain rate, with a stochastically varying strength, and it includes the use of cohesive zone models to described the behavior of initiated cracks. In the Results section we report a parametric study to capture how sensitive are the fragment size and mass distributions to uncertainty in the material failure strength. Fragment size and mass distributions, and their comparison with experiments are also reported. We finish with a discussion of the results and the conclusions.
Methodology

Experimental setup
The objective of the experiments were to generate fragmentation data with an emphasis on collecting as much of the original sample mass as possible. 40.6 cm (16") square plate samples, 5.08 cm (2") thick, were placed at the end of the shock tube device supported by a plate with a 5.6 cm (14") circular opening. The configuration of experiments includes a catcher system that allows for physical collection of the fragments, and a high speed video (HSV) camera that is also used to collect information. Fragment-mass and velocity distributions were obtained using three different approaches: (i) from physical collection of fragments, (ii) videographic analysis of side-view HSV, and (iii) videographic analysis of rear-view HSV. The fragments were classified into size groups by using sieves of various sizes. Each size group was analyzed using the SigmaScan Pro software to assign a fragment count and the associated area for each individual fragment. Then, the overall mass of each sieve size was separated out to a mass for each individual fragment. The reader is referred to the work by [13] for a complete description of the experimental setup.
Simulation setup
In this work, we are using a modified version of the 1D fragmentation model originally developed by Zhou et al. [1] . The governing equation of the model for a 1D bar oriented along the x -direction is the balance of momentum in one-dimension,
where ρ is the density of the material, σ is the stress and v is the velocity. The one-dimensional bar of length L is oriented along the x -axis with one of its ends fixed, and an uniform strain rate 9 ε 0 is also applied at the other end. Then, the initial and boundary conditions of the bar are
The heterogeneity in the material is introduced through the dependence of the critical strength σ c with the position along the bar, σ c " σ c pxq. In particular, σ c pxq is described by a Weibull distribution whose mean is given by the experimental value (Table 1) . A new crack is nucleated at any point x and time t when the stress at that point and time exceeds this critical strength of the material, such as
Additionally, a linear cohesive zone model [14] is also included to incorporate the second stage of the fragmentation process, when cracks experience growing or closing behaviors after their nucleation. The one-dimensionallity of the problem guarantees that the entire set of equations can be solved using the method of characteristics described in detail by [1] . Table 1 shows the material properties from experiments [13] , which contain information about the Young's modulus E, density ρ, critical strength σ c and fracture energy G c in concrete. However, some other parameters used in the material level model such as the standard deviation of strength are not known. In this work, we develop a parametric study of fragmentation to guarantee that the fragment size distributions predicted by the model capture the variability resulting from these unknown parameters. The question we seek to respond is: how sensitive is the fragment-size distribution to uncertainty in the material failure strength? We devise a parametric study that allows exploration of the variability in fragment-size distribution corresponding to variability in the failure strengths. We consider multiple realizations of spatial variability in order to obtain a representative result, independent of the spatial variability. 
Fragment size distributions
The parametric study described in the previous section is performed in concrete for a onedimensional bar of 5000 mm, 10 6 nodes, strain rates from 10 3 to 10 5 /s, and a standard deviation of stress of 1, 4 or 16 %. For each specific set of conditions, different tests are run to capture the random nature of the strength distribution with space. Finally, all the tests are collapsed into one single probability density function (pdf) that captures the variability in the data. Fig. 1 shows the pdf of fragment sizes for a standard deviation of stress of 1 %. Figure 1 : Pdf of fragments-size distributions in concrete for a one-dimensional bar of 5000 mm, 10 6 nodes, strain rates of 10 3 , 10 4 , 5¨10 4 and 10 5 s´1, and a standard deviation of stress of 4%. For each strain rate, the entire family of tests is collapsed into one single pdf using the distribution suggested by Levy [15] .
A comprehensive revision of the state-of-the-art on types of fragment size distributions was presented in [16] . Based on the Bayesian Information Criterion 1 , we select the generalized gamma distribution suggested by Levy [15] to fit our fragmentation data. The cumulative distribution function for fragment size, using this type of distribution is given by
where P rD ď ds is the probability of finding a size of largest length d greater than a specific length D, µ is a scale parameter and β is a shape parameter. Table 2 shows the values of the fitting parameters of fragment size distributions for the entire strain rate regime and different values of stress deviation. 
Fragment mass distributions
The cumulative distribution function for fragment mass distribution, assuming a different set of fitting parameters from those used in Sect. 3.1, is given by
where P rM ď ms is the probability of finding a mass of largest weight m greater than a specific mass D.
The relation between probability of mass and size distribution is
Then the cumulative fragment function distribution of mass that corresponds to the cumulative fragment distribution of size from eq. 6 can be rewritten as
10)
Thus, the same type of distribution can be used to fit both, size and mass, statistics. If the pdf statistics of size distribution (β, µ) are known, then one can find the statistics of mass distribution using β 1 " β 3 and µ 1 " ρkµ 3 , where k is a shape factor. Following the same idea that it was described in the previous section, we present a parametric study of fragment mass distributions to guarantee that: (i) the fragment mass distributions predicted by the model capture the variability resulting from these unknown parameters and (ii) the random nature of the strength distribution with space is also captured. Fig. 2 shows the pdf of fragment mass distributions for a standard deviation of stress of 1%. Table 3 shows the values of the fitting parameters of fragment mass distributions for the entire strain rate regime and different values of stress deviation. Figure 2 : Pdf of fragments-mass distributions in concrete for a one-dimensional bar of 5000 mm, 10 6 nodes, strain rates of 10 3 , 10 4 , 5¨10 4 and 10 5 s´1, and a standard deviation of stress of 1%. For each strain rate, the entire family of tests is collapsed into one single pdf using the distribution suggested by Levy [15] . 
Comparison with experiments
Prior to the formulation of calibration laws between the 1D model and experiments, some more understanding about the comparison between experimental and simulation results is needed. In this direction, Fig. 3 shows the log-log curve of fragment mass vs. strain rate when comparing experiments [13] and 1D fragmentation simulations in concrete. The pdf of normalized fragment size from experiments and simulations are also plotted in Fig. 4 to quantify how accurate are the shape and scatter of the fragment distributions when compared to each other. 
Discussion and conclusions
In Sections 3.1 and 3.2 we have provided information about the fragment-size and fragmentmass distributions in a one-dimensional bar of concrete at strain rates from 10 3 to 10 5 s´1. The parametric study was designed to explore the variability in the distributions with the uncertainty in the material failure strength, and it examines two factors: (i) first, for each specific set of strain rate and stress deviation conditions, five different tests are run to capture the random nature of strength distribution along the bar; (ii) second, a stress deviation range from 1 to 16 % was studied to cover the unknown values of stress deviation in the experiments [13] . The fitting parameters for fragment-size (µ,β) and fragment-mass (µ 1 ,β 1 ) shown in Tables 2 and 3 reveal that µ and µ 1 decrease when increasing strain rate, while β and β 1 remain constant for the entire strain-rate regime.
The fragment mass vs. strain rate results presented in Fig. 3 show a decrease of fragment mass with strain rate both for experiments and 1D fragmentation simulations. This is in agreement with previous works in the field [1, 6, 18] and the well-accepted physical principle of smaller fragmentsizes (or fragment-mass) associated with higher strain rates. Regarding the comparison between experiments and 1D fragmentation simulations, the order of magnitude of the error is less than one, but some more experimental data at higher strain rates and values of the uncertainty in experimental measurements are both required before formulating any further conclusion.
The shape of the normalized fragment size distributions shown in Fig. 4 reveal a reasonable match between experiments and simulations, but the scatter is underestimated by simulations.These differences could be the result of the one-dimensionality of the model, heterogeneity of strain rate in the shock tube tests, experimental measurement errors, or a combination of all of these. As it was presented by [15] , the probability density functions at different strain rates collapse into the same one when the fragment size is normalized, then the previous comparison between experimental and simulation pdf can be extended to the entire range of strain rate.
